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The possibility of settack oy atomic weapons has created 
@ widespread need for eo rugged, portable gamma survey seter 
reading from 0.025 to 500 roentgens per hour, Such an instrue 
ment shouléd be highly rellable, with long shelf and operating 
life. Two possible beses for such an instrument have been 
investigated. 

A system using no batteries or other power-supply, in 
which a phosphor isa viewed by a photo-volteic cell of the 
borrier-laysr type is shown to be too insensitive with pre- 
gently availeble components to give mater indications in the 
radietion renge of interest. 

Visual observation of the luminescent response of a Zne 
GaS phosshor is shown to permit detection of gamma radiation 
at lees then 0,020 r/hr and measurement at less then 0.4 r/hr. 
The upper limit has not been explored but is shown to be above 
100 r/hr. Two meter desicns based on visual comperiseon of 
the brightnesa of a deteotor phosphor with that of a standard 
light source have been developed. One of these reculires no 
power supply, the stendard light souree being a phosphor dise 
exoited by a long-lived bete emitter, tests of which ere des- 


Gribed. The advantegs in reliability of the device over an 
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electronic circuit is evident. 

Meaaurements of brightness comperison et 0.8 r/hr showed 
atendaré deviations of 12% for esch of two cbhsearvers with 7% 
G@ifference in the means of thely readings. Lark adaptation 
of the observer, for a period varying inversely with radlee 
tion intensity, is required below about 15 r/hr. 

Methoda are cesceribec for prepering phosphor soreens 
of any desired thickness by binding the phosphor powder in 
tranaperent plastics. In luoita, the greatest light yield 
under gumma excitation wis obtained et 1,0 anfen” of Za-0dS, 
with an optimum phesphor to plastic weight ratio of 2,é&:1. 
With polystyrene, the light yield of @ given weight of phos- 
: phor in the optimum phosphor-plaatioc retio ia shown to be 
30% higher thun thet of the oume thickness of phosphor alone, 
@ resuit of the relatively high index of refraction of the 
| polystyrene, The light yield as a function of thickness of 
. gn~Ca® and Zag S10 powder under gamme and dete exoitation, 

and of various phosphor-plastic mixtures under gamme exe 
oitation are shown, For these mecsurements e procedure was 
devised to oalivrate the response of a photomultiplier to 
the Orightness of a luminesciag phosphor in units of faote 
lambert. 
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CEAPTER 1 
REED FOR A MICH-IMPEN TITY GAMA RALIST ION sUNYLY MOPSR 


The poseibillity of the use of atomio weapons against 
densely populeted eress os well as strictly alliteary tergets 
has oreatead a need for the wide~spread diatribution of radia- 
tion dosege rate monitoring and survey instruments for use by 
rediologioal defense teans, and by individual persone, both 
Civilian and militery. Until very recently such instruments 
heve boen designed primarily for use by trained personnel un- 
der conditions such that personnel hazards due to faliure of 
an instrument could be minimized by careful handling and maine 
tenance, and by tae provision of sore than one monitor if 
neoesseary. Low cost and simplicity of operation heve not 
been essential factors in the design of such instruments and, 
whether portable or laboratory types, they have in generel 
been characterized by high sensitivity and the precision re- 
quired for research purposss, 

In this chapter we consider briefly the conditions un-~ 
Ger which indiviGunl persona and radiological dafense teema 
might require instruments for meesuring rediation, examine 
current civil defense specifications for such instruments, 
end mention the currently eveileble instruments that might 


fall within the soope of thess specifications, 
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At this writing, the cost useful, if not the only 
available, sources of unclasalflied informetion on the radle=- 





tion to be expected after an atomic weapon attack fea pubs 
lication, "The Effecta of Atomic Yeapona," (n2)° which ree 
fleots the experience obtained by the United States with the 
experimental and wartime nuclear explosicna up to the begine 
ning of 1950. ‘“e summarize some of the pertinent comments 
contained therein, quoting freely to avoid anbiguities, 

Atomie weapons fell into two ectegorisa, explosives 
ané the spread of radioactive conteminants (the latter is 
known es radiological warfare). 

The effects of explosions vary depending on the ree 
lation of the turat to the surfeoe of the ground or water, 
end this discussion is sub-divided accordingly. ‘The figures 
quoted below apply to a “nominel" atomic domb, eguivalent to 
20,000 tons of TRT, and we confine consideration to the ree 
sidueal radiation resulting from the weapon, excluding the 
initial burst of electro~mernetio and particle radiation which 
ie substantially completed within one minute after the axe 
pilosion. In general it cun be said of the residue] radiation 
thet the personnel hesards arise primerily from famma rays, 


ané gseconderily from beta-rays, the other forme cf radiation 





le References arc listed in Appendix Az. 
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being present in negligible amounts in somperison. The 
energy of the residual recietion is not diseussed in detail 
tin the reference but the average energy ia saic to be 0.7 
MeV. 
(a) Righ air burst (above 500 feet): 
"seoeif an etomic bomb ia detonated at a 
high altitude, so aa to esuse maximuen blast 
Gamage ina city, the hazard dus to radis« 
aativity on the gtound after the explosion 
is emall." (pe 269). 
(>) Lew eir burst (below 500 feat): 
Approximate xvadiation dosage rates wore meesured 
on the ground cne hour after the first nuclear 
explosion et Alamogordo in 1945, where the burat 
occurred at a height of 100 feet. Tha doseage 
rete wee §,000 reentgens per hour at ground 
zero (the point direetly under the burst), and 
fell off rapidly with (horizontal) distance 
from ground zero, to 10 r/hr et 1590 feat and 
to 0.3 r/hr, et 3000 feet. (pe 270). 
",ooeafter an air burst at low altitude an 
aree, smell compered with the damage area 
due to the bomb, near the explosion senter 
wonld ba uninhabitable because of the radiae~ 
tion hezardesseIt would probably be 6 hours 
or more beYrore 1% would be safe to walk 
aoross the areters." (Pe 270) o 
In addition to the residual rediation on the 
groune under the burst, ssperate consideretion 
iz given, in the exzaee of low bureta, to "fali- 


cut," thet is, particles cf dust sarried upward 
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(@) 


ot 


by the hot eiy ourrent sround the burst which 
later fall to earth elsewhere ecrrying radio- 
activity. It is stated that, 


"The fall-out in the oase of a low air burst 
might be an inoonvenienes but it would not, 
in oo represent 4 real denger. It 
would probably rerely be enough to prevent 
passage across an erea, although it might 
necessitate suspension of operations for a 
few days within the srea." (p. 27h). 








Sarface Explosion: 


"It is reasonably oertein that the contami 
nation due to neutron-induced setivity in 

the vicinity of the explosion would be very 
high... eirborne aotivity, whieh eould pro~ 
duce a significent fall-out, might consti- 
tute «a serious hazerd in areas directly 
downwind at some distence from the explosion,” 
(ppe 27h, 275). 


Underwater Burst: 


"Of the typea of atomic explosion the undere 
water test et Bikini produced by far the 
sare degree of radioactive contaminetions,.«. 
extent and degree of sonteminetion will 
probably vary markedly with the conditions, 
Buch a8.... depth of the burst, meteorological 
conditionse.s. and topography." (ppe 276=277). 
Of the total radiation dosage at a given dise 
tence from surfeoce zero, about 90% may be exe 
pected within 30 minutes of the explosion. In- 
tegrated dosage contours, based on the Bikini 
underwater burat, where a 5 m.pehe wind wae 
blowing, plecs the 100 roentgen (total dose) 
eontour 3.3 miles downwind from the burst, and 


the 400 Yr contour 2.2 miles from the burst, in 
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other direotions these Contours were corres~- 
pondingly slower to surface zero, 
Approxinute dosage rates ane hour after the 
buret, downwind, wers 50 r/hr ot 2 miles, 10 
v/hr et 3 miles end at 5 miles the rediation 
wes negligible, A different wind velocity o 
@ shift in the wind shortly efter the explosion 
could of courss alter the results considerably. 
(eo) Radiological Warfaret 
"On the whole it may be concluded that if 
redilological warfare is used es & weapon, 
it will be in the form of emitters of pense 
trating gamma radiation for which protective 
clothing and gus masks would be ineffective. o. 
However, it would appear to be a difficult 
matter to lay down such a concentration of 


emitters over ea large area as would 
cause serious injury from e short exposures" p, 285) 





While the foregoing cammente establish the almost self- 
evident fact thet an atomic attack on o sity woulé result in 
radioactive contamination affecting a large number of people, 
they do not readily lead to the purticular limita of sensi-~ 
tivity end other spsecificetionsa for an instrunent intended 
for emerrency use. 

For guidanos in these matters we turn to a reesnt pub- 
lieation of the Federal Civil Defense Administration (F2) which 
sete forth specifications for radiological monitoring inatrue 
ments for use in gsneral oivil defense opsretions, These 


specifications were compiled by a committes, including repree 
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gentatives from all interested Government agencies, which 


"ee -datermined that two typea of raciological meni- 
toring instruments ere required for gamma rey de- 
tection: 


(1) A high-intensity instrumest for area survey 
operation immediately following an atonmie 
attack, These instruments must heve an up- 
per range of 500 roentgens per hour. 


(2) A low-intensity instrument for special long- 
yange survey work in the weeks following an 
attack...o. The renge of these instruments 
need not exeeed 500 milliroentgens per hour. 








"The comelttee has determined that while certein ine 
atrusents now available would be suitable for the 
low-intensity rediation meesuremant in the weeks 
following ea disaster, no inatrument suitable for 
civiledefanse high-intensity survey work hes yet 
been developed." 

The low-intensity Lnstrunent* currently recommenced 
by the Federel Civil Defense Administration is en ionization~- 
chember type, portable, bettery-powerad device having five 
ranges of full-seale reedings 5, 50, 500, 5000 and 50,000 
millircentgens per hour, deteeting gamma radiation of energy 
60 Kev up to 1.5 Mev. Specified precision is + 15% (of the 
4/5 full seale reading). It meets military requirements 
for rugesdness, resistance to tempsrature, humidity and pres- 
gure ohanges, Battery life rrovides 1000 hours of continuous 
operaticn snd a shelf-life of about 1 year at 70°F, 

In the abgenos of suitsble higheintensity instruments 


fer eivil defense purposes, the committes drew "Tentative 





2. Type AM/PDR-T-1, manufactured by Tracerleb, Ino, and 
Kelley-Koett Mfg. Coe 
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Rpecifications for a Givil Defense High-Intensity Rediation 


| Survey Meter,” published by the Federel Civil Lefense Admini-~ 


etretion in the same report (¥2). The apecifications "sestab- 
lish performance requirements for a small, lightweight, rugged 
field instrument for meesuring gamme radietion whieh may re~ 
eult from atomic digaster., The instrument will be uaed by 
relatively inexperienced personnel and should provide ease of 
operation, maxinum opsrating life and require a minimum of 
maintensanee." These specifications, then, provide the best 
currently available guide to the cheracteristies of an ine 
strumeat for emergency use and they will be briefly outlined. 
The device may bea oesed on any practicable detection 
principle and must respond to gamme radicetion of 0.06 to 
1.5 Mev energy, over the range 0,025 to 500 roentgens per 
hour, reading correctly within + 30% et 5, 50, and 500 r/hr. 
An integral calibratien devies is to ve provided to check per- 
formanoe eat one scale reading. Mttery life is to provide 
25 hours of continuous operetion, and overall life except 
batteries must be ct least 500 hours at 500 r/hr. There are 
in eddition striot requirementsto cover various operating 
conditions, aa tempereture, humidity, corrosion, immersion 
ana vibration effects, The instrument is to be portable, 
having a weight of less then five pounds and a volume of 
less then 100 cubic inches. Various requirements on circuit 
atebility, internal construction and external features ere 


also specified, 
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Because of tie relatively recent publication of these 
specifications, it is doubtful thet eny currently avallable 
radietion meter has been designed specifioslly to meet them, 
Two ceviees whose sensitivity range any possibly ba extended 
to meet the above specifications have become evaillable in re~ 
eent months end will be described briefly. 

LeVine and DiGiovanni (16) have deseribed a compact 
hand-held instrument detecting gamma rays by a Ceiger-Muller 
tube using 700 volts provided by a novel vibration cirouit 
operating from two small (Type DP) dry cells. Two models 
have been designed, one covering the range 0.2 to 500 r/br, 
the other about 0,02 to 5 r/hr. The unit cost,for parts 
only, of either of these is $14.50 if 100,000 are to be manu- 
fectured. The authors state that modifications can be made 
to meet the avove specifications. 

Another recent instrument, the "Fooket Rediec" (T1) 
ig an ionization chamber type reading 0 to 25 r/hr on a 
Logerithmic seale, with stated accuracy of + 25% at any 
reading. The inatrument responds to gamma rays of greater 
than 0,1 Mev energy end to beta-rays of over 1,0 Mev. Op- 
erating life is &5 hours, from two hearing-aid type betteries. 
A model reading up to 500 r/hr is in preparation. The pre-e 
sent model is ebout the size of a man's hend. Cost is $49.50 
in smell quentity. 


These cevices are believed to be the leading representa- 
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tives of the sort of instrument contempleted by the speci- 

| fieetions quoted above. A number of other types of genama~- 
ray detectors have been mentioned az potentinliy useful 
after an atomic eaplesion, for measuring the integrated 

Gose received by an individual, These include posket doale 
meters of the electroscope or lonizeation chamber type, photo 
@raphic film badges, and revently a silver-aotivated phose 
phate gless which fluoresces under ultra-violet light in 
proportion to the totel ganmaa redisticon to whioh it has been 
subjected. All of these are quite simple and rugged, but 
requires auxiliary apperutus for either reecing or re-oharging 
(where applicable) or doth. Though a measura of the desage 
rate oan dbs obtainsd with all of them by timing the exposure 
eof the devios, their use for this purpose in the field ie 
subject to the principal objection that the information go 
obtained applies to the past, not the present, and that 
careful shielding la rayuired to malntein the uasfulness of 
any reserve stook of such devices in the presence of radtia- 
tion. 

We Goncolude from this brief survey that in soite of the 
meny varieties of gammeray menauring instruments in exiatence, 
there remiine an unfilled need for u wide~ranse gama radiae 
tion survey meter of simple and rugged cheracteristics, It 
ie the purpose ef thia peper to deseribe some initial investi- 


getions of two possible bases for such « devine, 
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CRITE 2 






Bede Introgustions 

In the search for as primeiple upon which an instrue 
“ment of the sort éescribed in Section 1.2 might be bewed, 
attention was directed first to the use of a simple photo~ 
voltaic eoll, of the barrier-layer wee * Tie cell was to 
view a phosphor crystal excited to lumineseence by gates 
Peys or other energetic redietion end the sensitive surfscs 
of the cell would convert the light into an elestrio current, 
j Maeeured by « nicro-enmeter, Preliminary celculations, re- 
preduced below, indicated thet tas waxigum current obteline 
able would bea guite ammll, but nevarthslows it seemed ed- 
Viseble to experiment with this principle to on extent suf- 
ficient to astermine the possibie sensitivity of gueh a de- 
vice made with currently aveilebie components, It is ape 
perent thet, shovlé suffiolent saneitivity be @ehleved, « 
@evice of this nature would be extrendiy aimple, reaaily 
@enufeetured, and would neve an indefinitely lem ehelr- 
life, since no power supply weeld be required. 





Darrier=lLayar photo-voltaia celle now comwercielly 





le The use of « photo~voltaio cell fer thia purpose we 
first suggested to the autor by Profeas@or Clerk Oomémean, 
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e are preetioally all of the selenium type (21), 
of 6 thin layer of crystelline oalenium on an 
ig thought to be a Gefatt eeni-eonductor with 
in its highest filled energy bund (11). In eontact 
iren, of lower work function, some of the holes are 
ad by electrons mipretiag eoross the interface fron 
iron to selenias, setting ap 4 field ecross tha boundary 
‘Pagion which forme the Barvier layer, In this condition, 
electrons exoites by incident Light say rine te the expty 
wiuction band, in the interior of the aemi-conductor, 
much sleetrons beve a short lifetins, as they fall inte 
the holes of tne highest filled energy band, and no cure 
Fent will flow, [In tie region of tie barrier layer, howe 
@ver, these holes sre filied by ths eleetrons wich migra 
ted from fron. fiance «lectrons in the eonduetion band 
heve a longer lifetime during which they ere urged by the 
field towerd the lron, cresting a current, Under moderate 
diluminetion, tne ocpen-olrouit potential differenes between 
the iron bees and ths top electrode is of tha order of 062 
volte, rising to © meximm of cbout 6,55 volte at vary hign 
fliuminetion levels (V1). 
Tnapection of semuifacturera’t literature imiiesates 

















thet the performance oharacterioeties of rhoto-voltealc cells 
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iry but Little from one cenufeeturer to the next. Jom 
the churactarietics of a typioel Cansral sleetrie eell 
del ine sonsitive eurfecs ure aiown in Tigures 2.21, 
anG 3, and on ecuivelent clrenit representing conven- 
2 elle i@ given in Pigure 2,.2<4, jor chsrecterise 
) of interest here ars: 
{a) Gpectrel sensitivity maxiomm nearly colacides 
with the wmvelength cf meximug sensitivity cf 
the bumin eye (Figure 2,.2-1)}. 
(b) "ith seell emtermel] reulstenee loads, current 
outgut is proportionel to the illuwmaiurtion 
(Pigurn 2,2=2), 
(oc) Interusal teaistense (and heece optimus axter- 
nal Loma) ig & Mancbies of illuminetion (Pig- 
UPG 22-3). 





(G) Short-cireuit current ie nearly srepertional 
to sensitive areas, Open Olrevit volvege is 
preetioaily indapandent cf aren (91), 

(@) Dpecial atiantion bo the deteile of cuamntwo- 
ture Gay produce cella with currant respones 
about 208 higher then the everage (1). 

(f) Represouietive values of the eyuivelant elr- 
cult elements of Miwure 2.24 axe (21)1 

GC DY Ool to 0.5 afd, 
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WAVE LENGTH (ANGSTROM UNITS) 


Figure 2.2-1. Photocell 
spectral sensitivity for con- 
stant energy at each wave- 
length. (From Ref. G1.) 


OUTPUT — MICROAMPERES 





ILLUMINATION - FOOT CANOLES 


F igumew2ec-2. Proetecell cur- 
rent vs. illumination (tungs- 
Wh, 270008) OrWiemaeRe!. Gab.) 








INTERNAL RESISTANCE - OHMS 
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ILLUMINATION - FOOT CANDLES 


Figure 202-3," Photoces m- 
ternal resistance vs. illu- 
mination (tungsten, 27000K). 
(From Ref. Gl.) 


eS 


> = R 
(Load resistance) 


Figure 2.2-4. Photocell 
equivalent circuit. (From 
Ref. Z1.) 
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Ro = 50 ohms 
Ry » @ Punetion of Lliluminetion end sx- 
ternal cireuit resistance cs ahown 
in Figure 2,2-3. 
With these cheracterictica in mind, two specially made 
photecells with sensitive areas of 15 ems were obtained 
(from Canerel Wleetrio Compeny) for uee in the saperinents 
Gesoribed below, For thegs calis tha charecteristiscs as 
given in Figures 2.7-1, 2, and 3 represent minimum sxpected 
performence, (Tf swall externel lowds are used, correapond- 
ing to short~-cireuit conditions, the currents shown in ig- 
ure 2.22 should be Quitipiied by the ratio of tha cress 
( ied = 261 ) to give the expeetad currente ) 











Having selected a photo-volteic cell, we sought a 
lumineasoeent material (phosphor) with oesisum sensitivity to 
gamma redination. In addition to avallie tility und ccoet, times 
major factors were considered: 

{e) The materiel ehosan @heuld be of high stomio 
number, so that it wiil ebheorh ae much sn6eray 
a3 possible from the emu redistione 

(vo) The mterial sheuld anit as vyisitle liaeht a 
Largs frection of the enarcy absorbed. 

(o) The emitted light should fell as neerly as 
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possible in the region of cmximam photooell 
seusitivity, 

(a) Simee the response of photo-voltalc eslls de- 
erecess with Inereuging frequency, rapid decay 
of the emitted iight pulses would be uadesire 
able, 

Kellman end co~werkera (31) have aude on extensive 
@tudy of the absolute energy viele cf various luminescent 
@uteriois excited with alpha particles, gama rays, end week 
a-reys, Their results Show thet, in general, the inorganic 
 phosshors emit as vigibia ileht « ¢retter fraction ef the 





energy abworbec than do the orannio luminessent materials. 

Of the inergenis mteriels they teeted under ss radie 
tien from re(ium end its decay products, the two most suite 

. @ble for the present purpose ere copper-tetivated zine sul- 

fide (denoted 2ne(Ou) }) with an efficiency of 22%, and cope 

| perjactivated zine~c8dmius sulfide {( UneCét(Cua) ), with an 

6fficiency of 16%. Theas sfflelency deta represent the ratio 

| ‘ Of snorgy emitted aa light to the (radium) gamem radcietion 

enerpy acsorbed Oy &@ thin layer of pheemphor. The errielen- 





| O1e6 of auverel sulfide vhosphorée, including these two, heve 
been shown (04), (41), to be a funetion of the intensity of 
the oxoiting rudietion, and of temperature, Yor thie reeson 
Beliswn (22) bes stated, referring to the effleiencié¢s cited 


Ghave, thet they may be in error by es suet ae 1/5 to 1/3, 
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| Both of these phoughore anit Light ine firly wrod 
m wlth the omxuemm in voti cesew felliac, near the 
length of naximum sensitivity of the seleniue berrier= 
wer photo~volteio cell, If the relative spectral distri~ 
, Ty, Of the energy axdtted by © phosphor is imoen 

¥) Sy Of a photo~sansitive surface to thia dlatri bation 
an be calculated aa 
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where 3, represents the current reaponse of tho piste 

| Maheltive surface et mvelength \, relevtve to tue current 

| Catpet I, (amperes per wit incident esergy) at the mve- 

| ength cf aaxinun sensitivity, © ie thuo « Sigure of enarat 

; for Verioua combinetions of photooeli eurfeess anal shoayphors, 
| Gelemletions of 3 bave bean ade for tha two phosphors sea- 
| honed above us boing mont suibebla, vesed wm tuu responess 

| eurve 5, for the Generel Electric cell (Finure fe2-1). "er 

| — FeA(cu), the spectre] amiseion curve of « vary efficient 


| phosyior prepared by Tabs (83) wes muployad, while for Inq 









GGM(Gu), a spectral eniseion curve, "leuFe %#-1, for one 
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‘of the plestic-phosphor dises desoribed in Chapter 4 was 
used, The ordinates of these curves represent, in arbi- 
trary units, energy emitted per unit energy absorbed, per 
unit wevelength, under excitation dy ultrae-violet radia- 
tion. Since the emission spectrum of a given phosphor is 
conatant, or neerly so, under various modes (alpha, beta, 
gamma, ultra-violet) of excitation (L3), and (K1), these 
data asy be used for the present problem involving geamma- 
ray excitetion. 

The figures obtained for £ by graphical integration 
are: 

ans(Cu) +: S = 0689 

Zn-CdS(Cu) : 3 ~ 0.95 

The time rete of decey of light pulses from phosphors 
appears to be a sensitive function of constitution and methoé 
of preparction of the phosphor, Such conflicting data are 
found in the literature on this topio. However there is 
neo doubt thet 2nS(Cu) and Zn-CdS(cu) emit light in very long 
pulses compared to ths short (of the order of 10~’ seconds) 
pulses of the organic rhosphors, and the gino enc osedmiun 
sulfides are for this reason alnost invariebly used where 
long persistence of luminescence is desired, Gere, in slow- 
moving osclllography (3), (12). The phosphorescent decay 


ef a in-CdS(cu) phosphor material used in the present experinents 
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persisted for sore than 20 minutes after excitation was re- 
movede 

fo supmerize, Zae{(Cu) and 2n-0d5(Cu) appear to be suite 
able phosphors for the present applieation, as they have 
Ppeasonebdly hish gamme-ray absorption cheracteristles, are 
among the most seffiolant energy converters, emit light in 
@ bend favoring the selenium photo-sensitive surface, and 
emit pulses of Long duration whioh avoid the poor high- 


frequency responas of berrier-layer oslis, 
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Attempts to celoulete the expected sensitivity of a 
Simple phosphor-photovoltaic esll-smmeter arrangenent suf- 
fer from the searcity of data on the perfersance of photo- 
voltei¢c cells at the very low levels of illuminetion sx- 
pected from the phoapher under moderets geema irradiation. 
The deta in Figure 2.2-2 are the best available on commer- 
eial oella at illuminetion levels velow 1 foot-oandle (1 
lumen/ft~). However, the lowest portion of these curves, 
below about 0,2 foot-ceandlesa, is an extrapolation (1). mm 
the basia of the brief discussion of the theory of the photoe 
voltaic cell given above, a linear relationship between illu- 
mination and current response, peesing through the origin 

of coordinates, seems plausible, If the illumination isa smell, 
60 that the field et the salenium-iron interfeos is not 
disturbed by a large current flow, then o fixed fraction 
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4 of the fiwld, Ter « given spectral Ghe- 
Lon of the ineiédwnt Light, the Linear reletlonants 
@xtend down to zero illuminetion beanues, 0: couree, 
used et Lenot ua on order-cfsmegnitude guide ot the lowest 
tion Levels. 

We wep how sueeTite the process by which the auerey 
radiation ie to te converted inte « ester iadicetion 
the phoophor-photeroltwio cell—asester elewilt, hy teueing 
‘See Gnergy through tue syatem, Tor the mutertaia (© = 45} 
“i OeM-ray KGercles (overage 0.7 Gow (11; | af Lokerest 
bere, the photealectric effect unt pair pooduation aay be 
bea in comparivon to toe Jompion affect, wo tint the 
“sbuerption of gamm-rey energy ie propertional vw the amas 
of the abeorber (01). [luce one roernteen represents the eb 
eerpiion of 5.24 = 10’ Mev yer erem of ais (82), wa hevO an 
Whe rete of energy wlecrption bs one prep of shoencer Prem 
OM roentgen per hourt 


5.2% x 10’ iia # 1s6 = 207"* Joma : sie = 


= 243 & 1079 watts. 
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“The effloieney with whieh the phoophor converte thie 
jotdon of multted light reeching € anneitivs cell surfess 
‘ h unity if we uee © thin phosphor cise between 
for this emumple we shall uae e single eall for which, 
@ thin phowpkor, this freetion might be about Ooh. he 
ot: yo sensitivity of the photocells fer the incidemt Light 
wee celenlebes in pexerrepl 203 above a6 0.95 for 



















Thue fer we huve trecec the saetey to tae polnt where 
Produces cutput current Trom the photocalla, Which we 
mey O0u write 4s: 





x Ook X GeoRSS xT, (none. = Reb x ig *” lo 


auperea/r/hr/_grem phos her, 
Where I, is tho reapunse of the photocelle in amperes par 
wett incident. 
 apprexiaste evalustion of 1, cen be sede by refar- 
| Gnée to Figure %.9-2 where it 16 seen that the Limiting elope 
‘St low illesinetion fow tha larger ettemmel reaiatances (for 
WRLGh power cutpul ia erantest) 1s appromimmialy 2.2 migro- 
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—_ iicmitess tp ean ee 
‘eur brs ¢ Mie con L dated wo tenes 
light at 2700° Kelvin is equivelent to about 0,0039 

| in the visible rangs, henes I, becomes: 







= 0.11 omperes/ watt incident, 





1we arrive et an estimated photocell eurrent of 


t= 166 x 207 x O.1l = 168 x 19714 amperes/r/hr/grem 


for the conditions stated. In view cf the several 
epproximations involved, this figure should be regarded only 
@8 an upper limit for the current, \2 such, we say caleu- 








late the minimum radietion mea@urabls with the phosphor-eell- 
ammeter ecireuit. if O,1 Mleroampers la teken 46 the minimun 
‘Current messurable with a reucily portohle soving-coil instru- 





ment, anc assuming » phosphor of anes 10 grams, we could de- 
tect approximately: 


} 10~7 


il 


ALLELE PE = 550 roentg@ens per nour, 
1,€ x 10” z 10 


@n imprectically large minimum for a portable ingtrument 
to be used for the monitoring of humin exposure to redla- 


tion. 
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ratory experiments wera mide, hase Will be briefly 


(a) 4 lazge ontihrecene crystal of eacelient quality, 


mass 175 erams,wis pleced on « Cenmrel Cloetric 
coll was read by « Leeds enc Northrap gaivenc- 
mater, he eryctel wes irragioted with « oo 
source (0.98 rhm) of gies reys separated frau 
the erystal only by two thioltnéesees of bieck 
Gloth, such that the estiswted gaame radiation 
on the oryetul aurface facing the eall was 400 
roentgens per hour. A M&xlewm current of 9 x 
19729 anperes WOos measured, (This result ¢en= 
not be compared with the caleuiletion of the 
preseeding section boesuge the omiasion spec~ 
trum cf anthrecesuc ta eidely different from 
that of the sulfide phoaphora, ) 

& phosphor ec@Gdiating of 9.” grams of de> 
(Cu) disperaed tn é@ polyétyrens binter fowade 
into @ Gia0 3 mm thiok end 5 OM in Gitueter 
was pleced between two General “lectric PVe2 
photovoltmic cella (see last peragraoch, Gection 
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2e2}) connected in parallel, with output fed 
te a Deckuan mioro-microsauater, The phosphor 
wos irradiated by the sane co" souree used 
above, such that the average redietion over 
the faces of the phoaphor cleo wes greater than 
500 roanteens per hour, ‘verage current read- 
ing was 2 x 10°20 amperes, o& 


mane « 4 = 1074 enperes/r/hr/gren 


phosphor, so that the astimste of maxioum cure 
reat in ‘wetion 2.4 is too high by a factor of 
grewter then 10°, 

We eonolude that the elaple phospher=photovoltale 


Coll-amacter cirouit cannot ut preeent form the peels for a 





preetiosl rsdiction meter re juiring mo gouree of energy othe 
than the enetsy of the seman rvedietion measured, Several 
s@hemes have come to «ind or beve been sugegssted by others 
for improving, the sensitivity of the device. One example 

is the nelayer sendwith, each layer consisting of eell- 
Pphoesphor-eoell, Tf these were connected in series, then in 
Principle, at ieaat, the open-cireult voltars under aeel1l 
ig@ndiotion could be onde eg large as we pleased by aaking 
avery large. Or Gonsider two concentric spheres, ona much 


larger than the other, The interior of the lergsr sphere 
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would bs Coeted with e good phosphor, and the exterior of 
the inner ephere would be divided into smeny small segments, 
each forming a separate photo-volteio cell, again with all 
segments connected in series, If these or other similar 
achemes seen attractive, they lose much of their promise 
when we consider thet a sensitivity improvement of at least 
10% is required, and for this we probably would Go better 
with one new high-sensitivity detector, then with a large 
number of pheto-voltaic oelle,. | 

At this point in the work we shifted to the husan 
eye as the detector, and no further experiments with photo- 


voltaic cells were undertaken, 
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The extreorginary sensitivity of the human eye can 
be eppreciated by considering the energy flow in the form 
‘of luninous flux which ean just be perceived by a eomplete- 
ly dark-adapted eye. Varying estimates huve been given of 
this quantity (11), = conservative stetesent being (02) 








that it ite lesa than 19716 watts, or, expreesed in photons 





of light et the weveleneth of maximus seneliivity of the 
eye, lees than 30 elementary photons per second. 

In omer to teke advantage of thie sensitivity for 
visuel detection and measurement of radiation, we must exe 
emine sone other characterlatics of the eyets response to 
Light which will be discussed briefly as follows: 

(a) Reletive visibility and Purkinfe effect. 





(b) Contrast sensitivity verietion. 


(c) Ghange in light threshold duriar sdeptetion, 





(4) Light end cooler thresholds, 
(a) The famtlier relative vieluility curve for tre 
| light-adupted eye, in tha form aersec upon by Luternmetjoual, 
| COivention (W2), aovears as curve (4) in Pigure 3.3-1, Tie 


. Sensitivity of the oye is relatively congtent ut ordinary 
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Figure 3.1-2 VARIATION OF PERCEPTIBLE CONTRAST 
WITH BRIGHTNESS (1I.C.T., 11) 
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light levels, mit as the eduptation brightness decreases, 


the visibility eurve begins, at about 10 footelamberts, to 
shift to shorter wavelengths. This phenomenon, known és 
the Purkinje effect, is eceompented by a decreage in width 
of the curve, as indlieatea by (b) in Figure 3.l-1, which 
represents the visibiiity from brightnesses of less than 
about 107? foot-lanberts down to the threshold of vision, 

(o} The fractional brightness difference, or contrast, 
AB/(B «AB), between twe surfaces, which can just be perceived, 
is shown in Figure 3,i-< as a function of field brightness and 
Golor (%2). It is noteé that at the hicher levela ef Lliumi- 
nation, the perceptible brightness difference la amall and 
nearly conatant for all solorg, but increases as field brighte 
nese dceocresses, and thet the Purkinje effect is manifested in 
an earlier widening of the pereeptibie brightness difference 
for the red end of the spectrum then for the biue, Two fur- 
ther facts which are not indiceted in the figure are that 
the ability to distinguish brichtnese difference, aspecially 
at low iight levels, is improved by a reduction in anreular 
fielé of view (¥2) and that the percertible contrasts indi- 
cated in Figure 3.12 can be reduced, at any color or bright- 
ness, by a practiced observer judging the mean of the points 
of first appearande of inequality in eeeh direotion, Walsh (w2) 
atates that the average of many reacings teken in this way has 


been found te improve contrast perecption by a factor 
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| of @, under favorable conditions, 

: (oe) fhe gradual improvement in sensitivity of the eye 
> illumination has been greatly recuced ia illustreted 
 Pigure 3.1<3, from (51). (Thea ordinate of this curve is 
6 Logarithm of tha reciprocal of tha threshold bricitness 
the time indicated.) It is intersating to note thet, al-~ 





puuh Gerk aguptetion is easventially semplate efter 40 minw 
utes, some increage in seneslitivity hes been reported after 
@s lomg us 16 houre of edeptwtion (51). 
(i) Tigure 3.1<4 presents the ecwlor and light thres~ 
he@lids (2) plotted as functions of mevelencth, in the red, 





recognition of color end tue pereapiion of light beth venish 
at very nearly the same retinal illuninetion, wut os wavee 
Length deereaaea, it is possible te pereeive light et illue 


Minetion levels much lower then those reyuired for color ree 


—— — = 


@ognition, in the region of the soecelled tyllient vislone 
| (The anit of brightness used in this ourve is the photon, 
@qual to the illumination of tha rebitm of the aya, when the 
pupiliery aperture is ons wyumirs millimeter, by an object 


Daving a brichtness of ons candle per siutre water, or 0,292 
foat~lamberta. ) 





2m 1911, Leré Sutherforé (#5) ubilized the lunie 
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Figure 3.1-3 RISE OF SENSITIVITY OF THE RETINA 
WITH CONTINUED DARK-ADAPTATION OF THE EYE. 
(Southall , S!) 


A. Brightness at which recognition of color ceases. 
B. Brightness at which sensation of light ceases. 
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Retinal Illumination in Photons 
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Figure 3.1-4 EXTINCTION OF LIGHT AND COLOR (Walsh ,W2) 
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36 of a zine sulfide soreen Cor vivuel detection of 

( work reats en the same principle used by utherford, 
t we are primarily interested in the detection and yuantie 
utive measurement of femme radistion, rather than counting 
sa standard 1ig::t eoures of verleble brightness, with 

1 tha aine sulfide (or other phosphor) sareen, excited 
to luminescerce by the gumm rediution to be eesaured, is 
Goaperea, The oct of adjustine the lntenaity of the etan= 
Gard Licht souree *.o obtein a briehtnese mitch then asrves 
tO mebeure the gsrme rediation. Te lever, dial, or other 
means by which the standerd soures 1s ediusted oun be eeli- 
‘brated directly in roentgens per Aour. Tt ie important to 
note thet we have here @ co@ers rete meter, not an inteerae 


> 




















ting dosimeter, enc thet, if practieal, it would certeinly 

G@onstitutsa one of the sim,lest rete metere for gomw radia- 

_ tion yet devised. “6 proewed therefore to examine the de- 
Sign eriteria ané prachlowlity of such » Geviee, to consider 
Game of the poseible verictions, end to demonstrete the chare 

Seteristics snd performencea of ons Torm of the complete in« 
/ Strunent. 
(b) 
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Turnine first to the luminescent meterial, or 
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$t is apparent thet onximum sensitivity will be 

a4 if we choese a phosphor with e hich efficlensy for 
‘sion of gees radietion into iicht, with as cueh 
ible of tue emitted light falling in the wavelength 

| where the @ye hae miximus sensitivity. gut for the 
could be considered aa a problem identical with choosing 
§ phosphor te be viewed by a phote~voltaio cell (Seetion 2.3). 
ver, we now wieh to fing an effielent energy converter 

) apectral emiasion maximum falla st the eene warelenghh 
ae the peak sensitivity of the eye, at the orightness levels 
bec from the redintion to be ssasured., 

We calculate the order of marnituée of tue cursees 
brightness of a thin phosphor dise 1 1/2 inebes tn Giameter, 
itaining 20 grams of phosphor of effielency 0.2, excited 
By, say, Ol roentgens per hour, ‘Using the osleuletion of 
Section 2.4, that tue power ebsorbed by 1 eran of whoaphor 
Pom 1 soentgen per hour ia appromimtely 1.3 « 107? wette, 
| we fin¢c thie brirhtness to bet 
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‘Be 1.2 x 107? lumens/rt*, 


his eslouletion we have neglected emission fram the edge 
the dise, total interns] reflection, an absorption of 
emitted light by interior phosphor orystals, snd have 
sé thet ell the light ia emitted at the wevelength of 
it sensitivity of the eye, If the emitting surface ia 
feotly diffuse, we apy express this brightness as the 
s number of foot-lamberts, ‘ae note from curve (b) of Pige 
—=<3,1-1 thet at this briphtness the wavelength of maxinun 
ftivity cf the aye is about 5040 Angstrom unite, wo that 
WO seek a phosphor whose emission peak is et this same weve- 
Reagth. furthermore, for beat results, tke emitted Light 
have a spectral @istribution no broader than the visi~ 
curve et thie brichtnesa, 

Saleetion of « comserolally avafiieble phosphor on the 
ie of « specified shape amt pleeenent of ite anisslon eurve 
ia mot reecily eccomplished particularly when only a s@mil 
mt ie desired, The charectoriasties of a partiouler ehip- 
ment of luminescent <aterial are not necessarily identical 














to those of tha preeeding shipeent, and the manufecturers 

are not ordinarily willing to guerantes thelr product in this 
respect. #fter inspection of eseversl scempliations of phosphor 
Characteristics, those published by Leverenz (T2725) being 
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bana ware £2 tha aatrad ranton ‘eal 
cme » the forenr being, according to Kellen 
_ more than twice os afficiant of the Latter, nad this 
Te ae tas had obtiined hart. Tor use in the 
el MeGiution swter theese phasguers, obtelued in the form 
sf powlor, «mre mixed with » plastic blader, «oided into 
ime: of couvenlent size, and teate¢ for «fficlenoy, om daa~ 
i in deteii in Chapter 4& ‘Twsts unter goumme-reg exol- 
Stion, GQeseribed in “eotion 3.2, wlow thal for iae0d8(fu)}, 
brigitress ouleeletion ebove iu of the correct order 
misnitudes 
Qpectral distrioation curves for ech of these phos 
@etericls, formed into cises with lucite, were odteined 
| an wutematicerecording, gretlog mpeclroerenh uMier une 
} ultrwe-viclet esoitetion. Theay regulle ete shown 
Figures 362-1 end 362-2, Ths amieuion curve rer m-084 
‘Gu) Pollews very closely tle ghape of thy tieeanold vied 
MLlity curve, but pesiu of a weveleacth of 5275 cugetron 

te, Gouswiet higher then wee deadifed. Javertircites, the 
, between the .2CC* carve eed the titemhold courte ite 

















Type 3B phosphor, Pettercen Soretn Tivision, J. 7. uvont 
Ge anours Coc, bowanda ha. 





a 33-"e2T, phoapher, Tubo Tarte Dapertaenst, (die 
wl tion of jmertoe, Uurrison, 1.4. 
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/ Zn-CdS (Cw) in Lucite 
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Figure 3.c¢-| SPECTRAL DISTRIBUTION OF EMISSION 
FROM Zn-CdS (Cu) INLUCITE COMPARED WITH NOR- 
MAL AND THRESHOLD VISIBILITY CURVES. 
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Figure 3.2-2 SPECTRAL DISTRIBUTION OF EMISSION 
FROM ZneSiOa (Mn) IN LUCITE 















Tue dMyS10, (in) emiesion apsetrum peaks at a slightly 
ber wavelength (5210 4°), and bas eepentinily the dasired 
, but, ag will be seen, ite total light emission is much 


(¢) Chanderd Lleht Coureés 
In order to eveid uneertainiiss intceduced by 
Purkinje effeet into the task of eatehing the brightness 
of two aurfeces of different color, we reyuire thet the stan- 
ard light be identioal in speetrel distritwited «lth thet 
f the detector phosphor. Tha stondem source, of course, 
@ould consist of a battery-powered Licht milb, @uitebly flli- 
tered, out this arrangement 19 objectionsbie in the present 
@ppliontion because of bottory siolt-lifa (and active life), 
aa beeawee color tamperoture campliowiious erise 42 the ia- 
tenelty of the emitted light is weried vy ce /uetine PilLemeadt 
@urrent. The letter cen be avoided by other eothos ef vary~ 
ine intensity but the batterlen reweine 8 therefore consider 
tia possibility of using a phosphor excited wy 2 seuroe of 
PeGloeetivity, vbeilt into the instrumerct, o4 the cuspertoon 








Light soured. 
The soures of exeitation energy for euch © aloenher 


ghovulG have a helfevulue period of eeterel years, ef if, Tor 
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eComperison purposes, the standerd light source ia to be 
mounted close te the deteetor phosphor, the former should 
not emit penetrating rediation whieh would gause lumine 
esceuee of the letter. Thus we eliminate from consideration 
the radium and thorium eeries, because of their pammas come 
ponents, and polonium (low gamma emission) because of its 
 ghort life (139 deys), In fact, the standerd tabuletions 
of tho rediownetive nuclides (23), and (54), reveal no 

aQiphe emitters which meet our speoifications,. Several veta~- 
Peay souroes emitting no gemma rays ere available in quaenti-~- 
ty from the Isotopes Division of the Atomic Bmergy Comelasion 
(Al) or from distributors, of these, strontium 90 is anong 
the least expensive and the svaldlable energy per diainte-~- 
gration from thia nuclide ia canparutively iarge,. on | o 
fission-produot daughter of two very ahort-lived beta-ray 
emitters, deaxye (71) according to the scheme: 


op 


oo 







op?° (etabdle). 





° i 
Henee, when @eouler equilibrium has been attained, eeoh 
decay of a or” nucleus yields two beta particles, with an 
average energy release of about 0.9 Mav per disintegration. 
Tae extensive literature on phosphors includes very 
few precise deta on the brightness obteinsbie from self 
excited phosphors, and none at all bas been located on the 
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‘possible deterioretion of luminesceace in gush & phosphor 
4& result of constant bombardment of the phosphor orystal 
ture by beta-rays, That this last point may be of ime 
in the present problem ia lllustreted by the deeay 
with tine of the luminescence from the aeli-luminous paints 
on wateh snd instrument dials, signs, é6tc., most of whieh 
ere excited by radiation from redium or mesothorium The 
@estructive effeot of the radioestivity on the phosphor ean, 
at least, be listed as a variable infiuencing the light out~ 
pat from a rediow-active light souree, the effect of which 
may be comparebie with the effect of the lwlf-life of the 
radio-sotive exciter. 

izs brightness of a copper-activetec, sreen-eultting 
zine sulfide sereen (of unspecified thickness but presumably 
sonparable to the range of radius elpha perticlea in und, 
about 5 g/m”) undexy alphe-ray excitation has been nessured 
by Blau and Feuer (82). They coated a plate with 1 miero~ 
eram of raciwa per s.uere eentineter and pleeed it & milli~ 





metora from a phosphor sexreen in an cvacurted chanbser, obe 
teining © soreen brightness of 1 to 2 mlorowlanmbarts (0,001 
to 0,002 foot-lamberts epproximetely) for use as a standard 
light souree, Soardman and Dawson (Ri) report orichtneases 
eof up to 22,5 mioroelamberts from an intimate mixture of 
ine sulfide with an alphaeunitting radio-active salt (cthere 
wise unidentified). 
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Sinee both of these reaclts were besed on alpba ex- 


 gitetion of the phosphor, whereas the present epplicetion 


: 


resuires guam-free beta ray excitation, it becons necessery 
to Gemonatrate that a useble brichtness could be attained 
with a bata sOUuree, 

ox® 4n chloride solution, as obtained from the Atomie 
erexey eunieusen) wan preoipiteted as e earbonate by the 
edéition of exeess ammonium earbonate, The precipitate was 
permitted to stend for 24 houra, then filtered. Tho filter 
paper, serrying the sro, precipitate wes cenented onto 
an G@luminum diee 1 fnoh in diameter, end the active deposit, 
wel) distributed over an area 3/4 inches in dlemeter, was 
protected by e thin (1.5 ng/en”) aluminum foil, hie dise 
wee then mounted on a rod sorewed inte tho beck faeces of the 
dise for convenience in handling, The source co obtained 
had an aetivity, as measured by an Loninetion chamber com- 
parison against a souree of known activity, of 005 (+ Ol) 
millicuries. 

A phoephor mide of 1,00 gram of Petterson Trpe B zine- 
eedmiun sulfide (copper eotivated) and molded by means of 
0,50 grane of a lucite binder inte a dise 1 7/16 inchea in 


éiometer and 0,05 inehes thick, was plecsad en tie source 





3o Unusuel care must be taken in work with or”, for ite long 
halfelife, the energetic a from ite deughter sttrius, 
and the fact that it appears to be a bone-geakur make it 
unusuelly toxic among beta emitters. The latest (January l, 
4951) recommendation of the International Commisaion on 
Racdielogioal Protection (12) ia that the maximum permisaible 
amount of strontium90 in the body is 1,0 nisrocurie. 
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disse ani the brightness of the phosphor measure¢ with the 
 Peylor Low-Brightness Meter, with the result, from a series 
of ? measurements, of 1s7h (2 0605) x 107? foot-lembertas 
> reduce thia brightness to familier terns, it wes noted 

that the phospher's glow was detecteble immediately when 
pleeed in the shacow uncer a desk or eheir in a brightly 
lighted roanis 

From the brightness caleulation above, for ths gamna- 

trradiated detector phosphor, this Wwightness would be erude 
valent to gamma redistion producing approximately? 


jo? 2078 Xx Ool = 14 roentgens per hour 


whieh would thus be the upper detection limit fer a meter 
using this particular beta soures and eomperisen phowphere 
Te increase the brightuess of the standard or compariqe 








gon phosphor, we may ineresse the source atrength or make 
more efficient use ef a given source cotivity. Theres appears 
to be no teason why the bete-source c@uld not be mixed diracte 
iy with the phosphor material and molded into = thin dise 
with plastie, Alternatively, activation of the completed 
phosphor-plaatio dise by neutron beabardment in a reagter 
might ve feaslble, provided wu suitable nucleus (such as 
berglliun) were included in the pinstis or pheaphor,. If 

the active material ware cbktained with high specific activity, 
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‘ite presence in the 7 ie mixture should not ine 
terfere sicnifieantly with the surfsee brichtness cf « thin 
Phosphor. Of eouree such « procedure hes the ¢lsndventage 

hat phosphor bombardment by the nuclear emission portieles, 
with consecuent peasible destructive effect, 1s continuous, 
wherecs with the gourece end phosvhor seperated, an abserber 
Seuld readily be inserted when the meteor is rot in use, The 
manufacture of self-excited phosphers wes not undertaken dure 
ing thie work beoause of the undesirabllity of conteamineting 
the only aveileble hich-preseurse lucite mold, 
(a) 























“Leures 3.23 end 4 are eketches of two of the 
 fmany poesible forms of the visual raciation meter. The 

s« gketches are eclf-explanatory, and o Tew comments on some 
ponents not elsewhere mentioned will suffices, 

The adjustment for o brightness metch between a dee 
teectcr phosphor und the standard light source cen readily 
be mace with crossed polerizers (Figure 3.2-3), Gne type 
thst appears to be satisfactory” {8s obtainabie in the form 
of thin sheets whieh are sesily mounted. Two such shests 
have a transmission with optical axes parallel of 21%, and 
effect. a reduction by a factor of 200 when the axes era 
cressed, If three auch sheets are used, the center one 





ort eae 


lke Type lit32, Polaroid Corporetion, Cambridgs, Mass, The 
ae deta herein were furnished by the nanufece 
OP. 
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being retated while the other two are fixed, as ehown in 
the figure, the open transalssion is 135, the maximun ate 
tenuation being a feetor of 40,000, The transmission of 
this material is reduced, as the axes ere rotated, quite 
uniformly in the region of the emiszion of zine-cadmiun 
sulfide (Figure 3.2-1), though there is a nonmjounlfrormity 
im the high and low wavelength resions of the visible speo- 
trum, 

The desicn of Figure 362-h employs for simplielty a 
rheostet for adjusting the intensity of the standerd lemp, 
Ag a result, the fliter oan correct the light to the spece 
tral distribution of the phosphor emission over ea narrow 
renge of intensities, only. At very low brightness, in the 
domain of twilight (colorless) vision, this effect could be 
compensated ty adjustment of the seoale colibration, but at 
hich intensities it woulé oring in the uneertainty of matche 
ing two surfeces of Gifferent colors, If this should be 
fouml to inerease the overall error siznifieently, the ine 
tensity of the standard light sheuld be adjusted by pole} 
roids or an optical wedgs, and en anmsetecr should be inoluded 
in the circuit so that so fixed current sould be maintained 
through the ¢ilenent. 

Tie optieal system for viewing the two surfaces need 
be no more elaborste then a glass or plastic plate to exclude 
Guste In the ease of the model using a dete-soursce to pron 
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duce the standard light, the lens should be thick enough to 
shield the eye from the radiation. <A shutter of some kind 

is necessary at the eyepiece because of the long phosphore 
escent decay of the sulfide phosphors after exposure to sune 
light® a simple cap fitting over the eyepiece might be suffi- 
client. 

A number of varietionsa on the generel principle of 
visual observation of ea phosphor for radiation measurement 
are possible. One of the simplest consists of a phosphor 
viewed through o series of openings of verying opacity in 
an opaque dise or strip. The openings oould be in the form 
of numerals, a number oode giving the approximate raciation 
Gossage rate corresponding to the lowest nuaber which could 
just be peroeived. Such ea device, with no standard for cone 
parison, would, however, yield varying resulta depending on 


the degree of dark adaptation of the observer. 


Lous Ol th bat AS ti \ 
(a) Brightness Stendard. 


The Taylor Low-Bricghtness meter (LE) consista 
of @ long (60 om) open cylinder through which en observer 
views an illumineted cirouler area silhouetted ageinst a 
oiroulear field of the surface towarée whioh the instrument 
la eimed, whose brightneas is to be meusured. he illumine 
ated area, actually elliptical in ahape, is e magnesium 


carbonate surface which reflects into the observer's eye 
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| light emitted by a stendard lamp through an eperture in the 

 gide of the main cylinder, The intensity of the standard 
light source is adjustable by filiters and an optical wedge, 
so that by comparison of the cirole, illumineted by the 
atencard, with the external field of view, brightness can 

1 so 107) root-lamberts. 

The standard lamp bulb operates at constant ourreit, so thet 


be measured over the range from 10° 


color changes do not accompany intensity, or brightness, 
chenges of the reflecting surface, The instrument was ealie 
brated by the manufacturer (Gensral flectric Co.) just prior 
to ite use in the present experiments, but no low-brightnsss 
standerds were avalleble for re~-cheoking curing the scourge 
of the work. 

It is apparent, from this desoription of the LEM, thet 
when it is used to measure the brightness of e phosphor luale 
nescing, uncer the excitation of gamma radiation, it becomes 
essentially a visuel redistion meter similer to the form 
eketched in Figure 3.2-4. Use of the LA in this way is 
subject to several limitations. The standard light source, 
@ tungsten filament, has a color distribution far different 
from the esaentielly blue-green of the phosshor, so that at 
the higher radiation levels it is necessary to match green 
end pale yellow brightnesses. The most serious fault of 
this arrangerient arises from the 60 centimeter length of the 
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LEM whieh foresees placement of the Fhosphor so far from the 
eye that the field of view of the cheerver is not fllled by 
the phosphor image, which subtenda e cone of hulf-angle only 
2°24 when e 2-inech phosphor is used, and of 1°49 with a 
1 1/2-ineh phosphor, Thus the threshold for detection of 
redistion with a given phosphor st the end of the LAM is much 
less than it would be for a smulier phosyhor~-to-aye distances, 
(>) Detection Threshold, and Reproducibility o1 

Mént Ss 

The siinimum racistion which can be detected vis- 
wally with the phosphors avaliable, and the effect of dla~- 
tance between sye und phosphor were established by the fol 
lowing experiment. A phosphor disc 5 om in diameter was 
mounted at the end of a tube of the same inside diameter, 
66 om. long, with a bleok errow-sheped figure 2 om. long 
affixed to the face of the phosphor, Measurements were mode 
of the maximum distances of a redium gemma source from the 
phosphor at which a dark-adapted observer could (a} deter= 
mine without question the pressnee cr absence of visible 
light from the phosphor, and (b) determine within 30° the 
angular orientation of the arrow, This procedure wes then 
repeated with a tube 22 om long. The results, in terns of 
distence and roentgens per hour from the source (46.4 memes 
radium source, o#liorated by the Gureau of Standards), ceai-~ 


Guleted by the inverse square law, ere givan in Table 3.31. 
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TABLE 303-2 


(46.8 mgm radium sources ~ 45.4 mrhn, ) 


Meximum source-to-~ 

phosphor Glatence (om), 
Phos phor=to-eye end minimum roentesns 
@istance (em). Observation per hour. 








Observer F Observer K 
Gm 30s x/hr Om 4 r/hr 
66 Detection 
Threshold 70 0.093 70 0.093 
66 Arrow Orilen- 
tation 25 0,727 20 1213 
aa Detection 160 0.014 165 0.017 
threshold 
a2 Arrow Orlen- 
tation 70 0,093 60 0.126 


This experiment demonstretes that the mininum detect- 
able gamma redietion with this phosphor material is leas 
than 20 sxr/hr under favorable conditions, Some rough experi- 
ments with phosphoretoe-eye distances indicate that the ope 
tinwum may be less than 22 om, for a 5 om diemeter phosphor, 
Further investigation of this point might produce evidence 


for en even iower detection threshold than shown above. 
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| It 4a evident from Table 3.3=1 thet the three-fold 

- reduet Lon of the diatense from which the phoaphor was viewed 
_ brought about a six-fold lmprovement in threshold sensitivity, 
and an eight-fold decrease in the minimum racistion required 
for arrow orientation, In view of this result, measurenents 
made with the Low-Brightness Meter used as a visuel radietion 
meter oan be regarded only es a gauge of the reproducibility 
of brightness readings at very low light ievels. Cinoe the 
LB4 was the only available comparison device for the low 
light levels, and sinoa no way oould Se found tc use a shorte 
ex aye to phosphor distance without mejor alteration of the 
inetrument, it was used for this purpose in the next experie 
nent to be desorlbed. 

[wo Observers with no prior knewledgas of tha Low~ 
Brightness Meter and no signifieunt experiaenge in photometry 
were used in this experiment. Both hed uncorrected visual 
acuity in both eyes of 20/20, or better, with normnl celor 
perception, and hed sufficient knowledge of the use end 
effects of gamma radiction so that it can be agsumed thet 
no psychological effects on this account perturbed the mease 
urements. The observers were dark-adapted for at leaat 
fifteen minutes in a red adaption brightness of less than 
107 foote-lanuberte. The detector phosphor (7n-CdS(Cu) in 
lucite) was 11/2 inches in diemeter, viewed through the Lay 


so thet it wes 60 om from the observer's eye. The phosphor 
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a irredieted by a 10 sem (6-1 mrha) radium seuree, from 

distences (phosphor to soures) shown in Table 363-26 
wh obgerver was permitted about 10 minutes ramillariza- 

tion with the errangement before the readings shown in the 


were taken. 
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(10 aoem recium source, &.1 mphm, Briehtness in 1076 footelanberts) 
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35 12.8 

, 32 19.6 

18 26.5 

22. 22... 

Meen 26.7 2365 

= Sanders Devietion 96 ee 

Observer L 26 25 
31 31 
2705 27 

2720 MBL 

Mean 2709 2502 


Standerd Deviation 5st 12% 
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For comperison, Tabis 3.3-3 shows reading taken by 

two relatively experienced observers, beth of whom had handled 
and used the instrument on two previous vocasians. Experie 

- montel conditions were the seme as Gesoribec above except that 

the phosphor was excited by ultra-violet light snd a larger 

 penge of brightness was covered, Thess observers Likewise 
had uncorrected 20/20 or better vision and normal soler 
perosption, 

Ag expeeted the reproducibility of brightness compari- 

gon readings by a single observer is far vetter then the 

| perceptible brightness difference data of Ficure 3,1—2, since 
we ere using the halving method mentioned in Section 3.1(b)e 
However the reproduction of the readings of one obsurver by 
another is less satisteotory. In Teble 3.3-3 it 1a seen that 
observer 3 reads consistentiy higher than observer K by a 
freetion which inereeses ée brightness cecréuses, Other 6xe 
periments have shown the disagresnent between these two obe 
servers is always in the same direction, and that the threa-€ 
hola of S is at a higher brightnesa, end radiation, than 
that of K, Similar reletionships exist between the readings 
end thresholds of observers L and PD (Table 3.3-2), the letter 
having the lower threshoicé, A mase of additional date would 
be required before generalizetiona along this line could be 
stated. 
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(Ultre-violet excitation. Srichtness in foot-lamberts) 
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12,0x107* 10,8x1074 35,5x107° 15.5x107> 15x207° 


























21.3 12.5 45 lhe 2 1905 
18.6 10.5 27 153 17,2 
2007 12.2 §1 17.7 
1207 46 1h.0 
290 13.1 
18.7 
Mean 29.4x1074 19.0107" 1165x107" 14,9107? 149x107? 17,2x107° 
| Standard 
‘Deviation 2% 14% 5% 12% 5% 9% 
| — % 26x10" 16.0x1074 9, ox1074 36x107° Ge 5x107° 10. 5x107° 
24 15.5 965 3, 7.0 10.5 
28 18.0 12.0 Vy 12.0 14,20 
27 16.5 12,8 1,0 13.0 
11.0 31 10.0 
27 12.5 
Mean  26.7x10~" 16.5x10"" 10,9x107" 33,6x107" 10,6x10~° 1,72107° 





Ratio 6/K 1.10 1-15 1.06 1.21 LehO 1.47 
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: The limitations of the only avallable low-brightnesas 

| atanderd have thus fer thwarted a decisive demonstration of 

_ the lower limit of radiation at whieh reliable brightness 
 Peadings ean ba obteined. However, the evidence at hand ine 
@icates that such a lower limit for a darkeadapted observer 

ie well below 400 milliroentgens per hour. This estimate is 
baged on the following considerations, The best phosphor dise 
producec to date in the work Geseribed in Chapter 4 is @ 2- 
inch dise consisting of 9.7 arams of phosphor in a polystyrene 
binder, Its brightness under 40 mr/hr of radium gemma exci- 
tetion, ag measured by a type 5819 photo=multiplier? was 1,2 
e 1976 foot-lamberts, or one-tenth of the brightness readings 
shown in Column PF of Table 3.3-3. Henee e rediation of 400 


b Hove 


me/hr is oertainly measurable by brightness comparison, 
ever the improvement in detection thresholé and errow orlen- 
tation brought about by a decreese in the phosphor-toe-eye 
distence as shown in Table 3,3-1 13 so spectacular as to pere 
mit a confident statement that some degree of improvement 

oan elso be made in brightness comparison by the same means. 
Another area in which improvement is to be expected is the 


manufacture of larger and more efficient phosphor disos than 





5e The photomultiplier calibration against the lowebrighte 
ness meter is described in Appendix A.l, 


6, The lineerity of brightness response cf “nddS(Cu) with 
exciting supensity at room temperature over an intensity 
range of 10° has been Gemonsirated by Nell et al (1). 
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are now avallable, ‘tating the poseible lower limit as well 
below 400 mr/hr therefore seems quite conservative. The 

upper iinit of the visusl radiation meter, set by the enture- 
tion brightness of the phosphor, has uot been explored, but 
the date of Table 3.3=2 and of the figura in Appendix A.1 show 








that it is greater than 100 rcentgens per hour, én estimate 
of 1000 r/hr for this figure woulé be oonservetive. 

Concerning the limitetions on the use of « visual redipae 
tion meter in view of the thresholda for detection and auccess~ 
ful brightness compnrisons shown wbove, it ia evident that dark 
adaptation of the observer will be o pre-requisite to radiation 
measuremente near the messurenent threshold, with the required 
degree of dark adaptation inoreesing as the minimum rediation 
to be measured decreages, As a result, an obaerver originally 
adapteé to daylight, observing continuously as his darke- 
adaptation progresses, will be wuble te see levels of redie@w 
tion in the vielnity of 10 roentgens per hour within « few 
Seconds, but will require 15 to 20 minutes of dark adaptation 
before he will be able to detect 20 ar/hr, or to metaure the 
order of 100 ar/hr. Derk adaptation time ean of oourse be 
greatly decreased by pre-adaptation in red light through the 
uge of red goggles, as now extensively used by those engaged 
in night navigation and gunnery in the armed services. Tule 


bert (H1) has shown that, while essentially complete dark 
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| aptation requires 21 minutes efter exposure to 125 foote 
eandles of tungsten light, the required time isa reduced to 
9 minutes after exposure to the sane intensity of red light 
(6500 4°), 
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CHAPTER & 
LUMINESCENT MATERTAL TH PLASTIC BINDER 


‘~ d , q) | a + 4 3’ , Rin: : ' y _% & 





The selection of a sulfide phosphor for use in the 
vigual radiation meter waz followed by u search for means 

to obtein the maximum brichtness at the surface of a layer 
ef phosphor. A review of the litesreture and inquiry emong 
persons end compenies interested in crystel growing revealed 
no sources of zine sulfide orystals of reasonable size, se 
attention was turned to improving the lumineseent yield of 
the fineegreined zine-cadmiurm sulfide which eppeared to be 
the best readily obtainable phosphor for our purpose (Seee 
tion 3.2). 

The chief limitations on the light output from. the 
surface of 4 given mass of this material anc of the zine 
gwulfide phosphor family in general, erise from their small 
eryetal size (1-50 microns), strong adsorption of their own 
emitted light, and high index of refraction (for ZnS, nn» 
20356, and for CaS, n ~ 2.506, both at 5893 A°, (M2) ). 

Thus in thick layers of these small crystals, seattering of 
the light emitted from en interior orystal increases the pro- 
babllity of ebsorption befors it reaches the surface where 

it oan be seen, Furthermore, the high index of refraction 


and consequent smell oritical ancie ein) & ror total internal 
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reflection at a crystal-air surface, mean thet a large fraco- 
tion of the light must make one or more refleotions from a 
erystal-air surfece before eseaping from the crystsl, hence 
absorption in this manner may also seriously reduce the po- 
tentially availeble light. (The erystals of severel sulfide 
phosphorea examined do not heave perfectly regular shape, but 
have small striations on the crystal faces, so it is unlikely 
thet a significant portion of the light would be permanently 
entrapped in the orystals due to internal reflection.) Thus 
it seemed reasonable that we might improve the total light 
output at the surface of a given mass of phosphor by simply 
filling the interstices between crystals with a material 
of refractive index matching or approaching that of the phos- 
phor, provided such material is transperent to the emitted 
light. Thus we would at once inorease the critical angle 
at the orystal surfaces, since it is given by ua" (n'/n) 
(where n' is the refractive index of the less dense and n 
of the more dense medium), allowing a larger fraction of the 
generated light to escape from s orystal without total in- 
ternal reflection, and decrease the reflection coefficient 
at each crystal boundary, since this ooefficient depends, 
at normal inoidence, on (nan) “/(mten) “4 

A transperent plastic immediately suggests itself? as 
&@ possible binder for the phosphor orystal powder. The use 
for other purposes of a transparent plastio binder for pow- 


dered crystalline sulfide phosphors has been reported pre-e 
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viously. Frey (Fl) used @ thin paste of gine sulfide end 
polystyrene spreed directly on the envelope of an 6nd-window 
photo-multiplier to count neutrons by luminescence of the 
wine sulfide excited by recoil protens from the plastic. 
Robinson and co-workers (Rl, R2) have used similer thin mixe 
tures cf several inorganic phosphors and polystyrene to count 
alphe perticles. Considerable attention hes baen given lete- 
ly (S52, 3) to the use of orge::ie phosphor materials dissolved 
in plastics of various kinds, obdteining large, olear, amor- 
phous masses for counting neutrons ané gammsereys with high 
efficiencies at high eounting ratea, 

We ere here interested, however, in finding the optie 
mum thickness, in grems per square centimeter, and the opti«~ 
mum proportion of plastic and phosphor, whioh will yield the 
brightest surface lumineseence under gaxma excitation, points 
on which little informtion hea beon avelleble, HKallmen (k2) 
has published curves showing total llght output from phosphor 
sereens as = function of thickness, under slphe end gamma 6x- 
Gitation. His ourve for a-excitation is reproduced as Figure 
4,l-1, where it is seen thet the mexinum light intensity from 
ZnS, Zn 510 end CawO, ocours at 5 ngn/ on” , which socording 
to Kellman is just the range of the alphe~particlies used, Une 
der gamma excitation, Figure 4elez, the light intensity does 
not appear to reach a maxinum for eny of these phosphors, but 
flettens cut ebove 50 ng/et increasing only slightly for 


greater thicknesses, Kellman notes that this effeot demon- 
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Figure 4.1-l| LUMINESCENT LIGHT INTENSITY AS A 
FUNCTION OF PHOSPHOR THICKNESS. 
ALPHA EXCITATION. (Kallman Ref. K2) 


Y radiation 

Zn2 Sida 
= 
r ZnS 
x 
£& 
< CaW04 
o& 
2 

50 lOO mg/cm? 200 


Figure 4.1-2 LUMINESCENT LIGHT INTENSITY AS A 
FUNCTION OF PHOSPHOR THICKNESS. 
GAMMA EXCITATION. (Kaliman, Ref. K2) 
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gtrates thet these materials ce absorb the emitted light, 
@ginee the gamme radistion used was sufficiently heré thet 





no eprpreciable absorption of the cammas took place in the 
_ phosphors 

(fhe relative light outoute of 2gSi0, and ZnS under 
elphe end game exeltetion es shown appear to be Incompatible. 
Generally, it would be expected that relative efficiencies 
of two phosphors would net chenge greatly under different ex~ 
gitation, Such «e view is supperted by sfficiency data on 
thease two phosphors published by Kellman in two different 
reports (81, K2), showing thet the sulfide is more efficient 
than the silicate under a,y, and xerey oxcitetion, end by the 
experimental results reported in Section 3 of this chapter. 
Hence it ia reesoneble to suspect that the Isbela of the sure 
vee for zm, S40, end inS in Piguré 4ol-2 have been interchanged 
by error.) 

These curves by Kellman furnish an additiensal reason for 
using & plastic bindsr for the pewdsred phosphor, Ciness we 
are interested in maximum brightneas of the phosphor surface, 
under gammeeray excitation, we avidently must use thicknesses 
or sulfide phesphor greater then 0.1 ne/ om” (Figure hol-2, ourve 
fer 22S), The plestic binder eppears to be a convenient means 
of obtelning a homogeneous aurfaoe in such Juree thioknesses, 
provided no loss of brightness results from {ntrodusction of 
the plastic. 
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Selection of the plastic materials for use in thease 
experiments was necessarily based on their working properties 
and availability as well as their opticel properties, The 
plastica finully seleoted were a methaorylate> (Lucite) and 
a polystyrene”, with refractive indices (in yellow light) of 
1650 and 1.59 reapectively, the latter being relatively high 
among the transparent pleasticos. The lueite was obteined in 
the form of ea oompression-molding powder, the polystyrene 
as & monomer casting liquid, polymerized by heating after 
the addition of e small amount of eatalyst (benzoyl peroxide 
with 6% setive oxygen) end an acoeleretor (methylene chloride). 
Both these plastics are nearly trensperent in the visual rengs 
(R6), with a trenemission areater then &5% in the emission 
bands of dneCdS(Cu) ané Z3S10) (Mn) (Figures 3.21, 2). 

The first experiments were made with the polystyrene 
easting liquid, The technique used for manufeoturing diacs 
of any desired phosphor-pleatic proportion is a simple one 
briefly desoribed az follows: 

Weigh into e glass mold the desired amount of casting 
liguid and add one drop of catalyst for each 3 grams of 
plastic, ‘tir vigorously with glass rod to distribute the 
oatelyst. Add the desired weight of phosphor by sprinkling 





ile "Transoptio" Molding Powder, Buehler and Co.,Ltd., 


2. "FYelloweast,"” Fellowcraftera, Inc., Boston, Mass. 
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4£t over the surfaoe of the cesting liquid anc stir until a 
uniform paste ig obtained. Add i drop of ageeler:tor per 
3 grams of plastic and stir again to diatribute the aceéel-e 
erator (a slightly larger proportion of accelerator may be 
necsessary for mixtures with a phosphor to plastic weizht 
ratio of 2 or higher). Allow to stand for about 10 minutes 
at room temperature, thea plece in oven at 92°%¢ for about 
1 nour (longer for large phosphor/plestic ratios). Cool 
Slowly to room temperature, The mixture contracts slightly 
upon solidifying so thet it can readily be removed from the 
molds 

The digos so obtained when glass culture dishes were 
used as molds hed a glossy top surfuce, but the bottom and 
sides in contact with the glass during molding hed ea dull 
finish which could be polished on e metellographiec speci- 
men polishing wheel. The principel defect of the discs so 
prepared wea thet the phosphor/plestic ratio was not uniform 
through e cross-section, the heevy sulfide powder having a 
marked tendeney to settle to the bottom of the mold through 
the visoous liquid. This effauct introduced an uncertainty 
regarding the offeotive phosphor/plastio ratio at the top 
and bottom surfaces wien the total lirht cutout was to be 
measured in a series of dises with varying overall propore 
tions of phosphor to plastic. For this reason we turned to 


the use of lucite molding powder with which {t wes found that 
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quite hopegenecus disca can be mede at retios less then 3,9 

| if suffielent ettention be paid to the mixing in the precedure 
@aseribed below, This virtue of the lucite powder wes con=- 
aiéereé to offset the dissévantage of its smeller index of 
refrection at least for the vurnose of determining the eptie 
mum phosphor/plseetic ratioe as will be seen leter a poly 
atyrens eixture producec the most effielent phosphor dise. 

The lucite-phoaphor mixtures were molded under pressure: 
supplied by a small hy¢Creulie press designed for embedding 
metellograrhio apeocimens in plastic. The first phosphor 
dises were made ina 1" diameter mold but for visuel obgere 
vation e larger size was desirable, and a 1 7/16" mold wes 
used for ell the later work, > The mold consists of e cylin- 
érieel steel sleeve with wall designed to withetend 5000 Psi, 
Glosed at the bottom by a removable steel plug, and et the 
tep by a steel plunger through which the preesure wes epplied, 
A hole wae drilled through the plunger to within 3/6 in. of 
the botton,to receive a thermometer, The bottom plug ond the 
plunger fit the sleeve with a tolerance of G,.001 inch to 
prevent appreciable extrusion between the moving parts, and 
ell inner surfaees of the mold were ground to a smooth finish. 
To heat the mold, e heating jecket was made consisting of a 
eylindrieal aluminum shell with inner dlameter fitting the 





36 Thie size was rot chosen by design, but wee the diameter 
of ean available mold, previously used loeally for another 
purpose, which sould be modified for the present appli- 
Gation, It is recognized that larger discs would be 
advantageous. 
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901 sleeve of the mold loosely. A soil of nichrome wire, 
ulated with asbestos, was wound inside the shell aa the 
iting element, ‘vith this eguipment, the following pro- 
was u@ed in seking phosphore-plastic dises;: 
. Weigh the desired emounts of phosphor end plastic onto 
weighing paper, Mix thoroughly with spatula, After sleaning 
all inner surfeces of the mold with aleohol cr acetone, pour 
| the plastic-phosphor aizxture into molé with bottom plug in 
‘plaee, and mix ugain in the mold. Insert plunger, place 
as mold in press and apply 100 pai to remove air. 
| Release pressure, heat to 110 °ce apply 3000 psi, heat to 
| 140° Ce Cool rapidly to 90° GS, fores out plunger and plug 
with completed phosphor diase,. 
This procedure produced homogsnsous phosphoreplastice 
: dises with retios up to 3.0. At lerger ratica it was diffi- 
| gult to prevent inhomogeneities, end beyond 4.0 the eurfeces 
invariably showed local ereas containing little or no plase 
tic so that the phoaphor was easily chipped off, At ratios 
below 3.5 the surfeces were ordinerily smooth and well- 
polished, In ell, about 65 disos were made with this proesdure, 
though oniy about helf of these were of value in obtuining 


the results of the next section. 


eo Experiments with Phosphor-Plastic Mixture 
(a) } 





The point of departure for the phosphor-plastis 
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| mixture experinents was to determines the tilekness of phose 

| phor elons whioh would provide the greatest light yield une 
=—_—— and betes exaltation, Por this purpese, and Tor 
phosphor diso meesurements, aquinpment wes arranged to meae 
gure the brightneas of @ phosphor sereen on one surfece while 
the atiting radiation waz applicd to the opposite surfse¢e, 
following the procedure used by Aulliman (KZ). 

A Type 5319 photomultiplier tube wes mounted in a 
brass light shielé with a oardboard (0,13 gon/ sn” ) Light- 
tight top whioh was readily removable for etsy noocesa to the 
endewindow. The tube was protected with a magnetio shield, 
and operated at 75 volts per dynoése from e¢ stabliized negae 
tive high-voltage aupply. Anode current from the 5619 tube 
was measured by a Secksmn Ai¢roenloreammeter Cor currents 
up to 10°” anperes, anc oy a Beta microammeter for larger 
ourrent 5» 

The stability of this system waa auch thet a refer= 
enee current reading, ssteblished early in the work, consiste 
ing of e reference phosphor Gise exeited by a gmsll radium 
sourge placed «et o fixed dlatance from the phosphor, could be 
repeeted st will within less then 4% over a period of seven 
weeks, Frovision was made for adjusting the photoemultiplier 
VOltage to compensate for changes in the reference reeding 
Gua to drift, line voltage obangea, ete., out this was necess- 
ary on only two occasions, Vader these conditions of photo- 


multiplier operation, fatigue effects and noise current were 
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mot noticeable. ‘The arrangement deseribed was used for ail 
. phosphor light output measurenents reported in thia chapter. 
Conversion of photoewmultiplicer enode current toe an approxzi-~ 
mate figure for phosphor brightness in footelemberts was 
eccomplished by the calibration proceedure desoribed in Ape 
pendix 4.1. 

(b) 





ht \ of Phosphor Powde: 
The phosphor powder was pleced in a cylindrical 
@luminum oe1] with thin gleasas bottom resting direetly on the 
end=-window of the phototube. The inside dlumeter of the esil 
wes 1.406 inches, slightly less then the minimum specified 
diameter (1.5 inches) of the photo-cathode, and cloasly 
matehing the diameter of the most frecuently used size of 
phosphor-plastic discs, 1.436 inches, (Care wus taken to 
place the cell and the dises in a constant position on the 
eathode, end a 1.5 inch mask on the ond-window was used as 

@ guide for this purpose, Anode current reading is not 
eritioal for varietions in placement of iess then 0.1 inehes,. ) 
fhe phosphor wes irradiated by a 10 me. (8.8 mrhm) redium 
gamma source (oalibreted by the Bureau of Standards) plsecd 
at 45 om from the face of the eathede, Current response of 
the phototube es a function of source distance followed an 
inverse square law at distances greater than about 30 om 

from the phototubse, hence the gamma radiation at the phose 


phor was equivalent to approxinetely 


rN 
aA S os = 40 mt/ hrs 
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The light yielé of two phosphor materials eas a funo= 
tion of thiekness under these conditions is shown in Figure 
te%1. Yor Zn-065(Cu), the maximum yield is reached at 6.9 
gu/en* of phosphor, Geeressing slowly at greater thicknesses 
| due to gumms rey ebsorption in the upper leyers of phosphor. 
| The generel shape of the 2n,Si10, curve is the same, but due 
to its much esmeller efficiency and the opacity of the cry~ 
 gtels to the omitted licht, the maximum light yield is loss 
than one-fifth that of the sulfide and oocura at much smellier 


thickness. 






A similer experiment using bete-ray excitation from a 
strontium-90 source produced the curves shown in Yigure 4.32, 
where the opacity and smaller effleienoy of the orthosilicate 
produce effects relative to the sulfide similer to those 
found under gemma exoitotion. The peak light yield ococurs 
in Zn-Cd9(Cu) at about 0.2 gm/om*. If to this is added the 
absorber thickness traversed by the betas before reeching 
the phosphor (a total cf 0.16 gm/om*), it {se seen thet the 
peek corresponds olosely with the 0,38 an/ on” rance of beta 
perticles having the average energy (0.92 Mev) cf the yttrium 
90 beta spectrum (H1, £3). Yor the ay SL0, » the maximum 
light yioid oeeurs at smaller thickness beeause of absorption 
of the light emitted in the upper layers of phosphor. 

Beyond noting that the general shapes of the individual 
curves «re similar to those given by Kellman under photon 


and changed-perticle excitation, 1t is difficult to attempt 
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Phospher Thickness (gm /cm) 
Figure 4.3-| LIGHT YIELD AS A FUNCTION OF PHOSPHOR 
THICKNESS. GAMMA EXCITATION. 


B excitation O.O mc. Sr? source at 
2Ocm,through 0.16 
gm/cm® absorber 


Anode Current (10°8amp) 





1.5 20 


Phosphor Thickness (gm /cm*) 
Figure 4.3-2 LIGHT YIELD AS A FUNCTION OF PHOSPHOR 


THICKNESS. BETA EXCITATION. 





to draw comparisons, sinee the exeet constitution and form 
of the phoephor sereens and the sourees of radietion he asad 


(o) Light Yield of Phosphor-Plastic Mixtures. 

The light yield as a function of phosphor thick 
ness (gn/em") is shown in Figure 4o3=3 for a series of phos- 
phor-lucite dises containing increasing amounts of phesphor 
but with a sonstant proportion of phosphor to lucite siren 
by the weteht ratio R = 2 (grams of phosphor/grame of lucite). 
(The light yields plotted ere the average readings of the 
two flat surfaces, to compensate for smoll inhomoceneities. 
The two readings ordinarily differ by less then 7%.) At 
small thicknesses it is seen thet the light yield parallels 
thet of the phosphor powder alone, whieh is re-drewn here 
for compnrison from Pigure 4.3-1, Sut resohes a maxinum et 
about 0.8 em/on® , and @eclines for greater thiekness, This 
G@eeline is interpreted as the result of inereased loss of 
Aight emitted from the sides of the dise ues linsar thiscknsss 
ef the dise and hence area of the cylindriesal surfece in- 
Greases, 2% well as the result of ineressed absorption of 
Li@ht, prisery gemana, ond sesondary radiation by the plastic. 
(The response of olear lucite dises to gammn radiution haa 
boon measured and is of the order of 0,01 tines that of the 
aame weight of phosphor. } 

That the ratio R = 2 used in the series of Figure 4.3-3 


= ya « 







axe? One mitusicnnce tomke at) entle ,cuselremos werd ot 
bean en coltuthez to eset" ad? hoe ne@etos sodedg Bad T 
ooatwqgas Jou 4 
o#old? tedgeudqg to nelvonu® # se ALoly dnipll off 

~soiq 10 selwe 2 s0t f-f.4 ovaelt al nwode ot (Sno\ag) : 
moigsedg to edavess artoseton! galaletroo eesald etinul-sodg 
aevip ofieel of samqeodg to noltstoqeiq Snoseeno o déiw cud 
o(e¢ior£ to emmty\todcnodq tc amis) & = A oliet tiptew edd ys 
ed? Yo egaiheet opetove ond ete bettolg ablely Sdéptl an?) 
oSeitionegnmetat [fume wi o¢femmeqwoo Of ,seontiwe felt ows 
th (RT code eeol wd settld ylitontboe e_elbaes ows ofF 
eletioreg Bleoly tdgil ed Jett neea e! $1 seememtoins {fame 
oxed ongud—s2 of dotde .ecols cebweq midyects edt to cade 
ée aumizem s eprivees stud ,f[-€.3 sargit @ott aoslseqnon 10% 
al@T .amectotdd tefeatg wet enotioed tne ,*mo\ma 8.0 docs 
x0 eget deeeovee! to siuuet wdé ae botesquetiat ot eollemb 
sesaweldds shenti so Geib ett to seble edd mot? hedtine sig hf 
“al eoetdue Leotchaliye edd %0 seth oneed bee osid odd Yo 
% goliqsaede Seaenton! 30 Siveet ed? aa Llow 0 .60840T6 
eOlteaiqg eft Td molisiban \tabecese bite ,Beaman Yrenla , cipld 
eod soltatbe: amuem of coeth athoul umelo to seaoquest ad) 
eis 10 Sad¢ oumt? [0.0 to sebto ai? Yo Of Boe berseeen seed 
(,vorgecda *%o tiglew emee 

E-f. eaigit to selves ef2 ci Seeo & - © ofted ats FaxT 








Anode Current (10-8amp,) 


Anode Current ( 1O" Samp.) 





- 70 = 


2 
6+938 
E 
2 No binder 
=: 
on With Lucite binder 
@ Phosphor : Plastic =2:! 
c O 
c 
D 
C+3 
O 0.4 0.8 L2 6 2O 


Phosphor Thickness (gm/cm2) 
Figure 4.3-3 LIGHT YIELD AS A FUNCTION OF Zn-CdS (Cu) 
PHOSPHOR THICKNESS, WITH OR WITHOUT LUCITE BINDER. 
GAMMA EXCITATION. 
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Figure 4.5-4 LIGHT YIELD AS A FUNCTION OF PHOSPHOR/ 
PLASTIC RATIO EY WEIGHT. GAMMA EXCITATION. 
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below the optimum ie shown in Figure 4.3-4, where light 

ld is plotted as a function of vhosphor/plastic ratio R 
two series of sulfideeluocite @ises with sconastant phosphor 
thicknesses, showing that the optimum retio appears to be 
about 2.75, for 1,0 gm/om* of phosphor, and about 2.25 for 
(0.3 gnf on. The ourve for 1.0 gnfon* phosphor ineludes the 
moet efficlent phosaphorelucite disses prepsered to date, but 
41t ia noteworthy that the light yield from the best of these 
48 slightly but not signifioantly higher than the mexiaum 
reached wlth the phosphor powder alone. "es ean gay only 
that, et the optimum ratio and thickness (fh = 2.75, thick 
nese 1,0 gm/em”) found to date, the additional light whieh 
is brougnt to the surfsoe by the lucite binder ina neerly 
orfeet by the other effects mentioned above. 

#ise shown in Figure 4.3~4 is a curve for Hig S40, with 
cenetant vhoaphor thickness G,3 gues. The maximum light 
output et R= 0.75 ia about 40% greeter then the mexiaum 
ebteined from the phosphor alone es shown in YTirure 4e.lel. 
At ratios greater than 1.5 there is inaufficiant lucite to 
bind thea vary fine phosphor powder together. In view of the 
poor afficiency of this materiel eompered to the sulfide, ro 
further work with it wae undertaken. 

furning to the use of pelyatyrene, which hes « larger 
index of refreetion then lucite, we have found « remarkable 
improvement over the performance of lucite, as indicated by 


the regulte in Table 4.31. The table gives the thickness 
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Phoaphor aml retis of phosphor tea plistie for each of three 
rg made of Gn-CE5(Cu) and polystyrene, with thetr light 
put in tersa of anode current from the photetube, under 

) seme eonditions used for the measurements on the lueite 
(Although thege partisouler dises were 2 inchas in 
tar, @ 12/2 inoh maak over ths photo-eathode permite 
erleaen with the weasurenenta on the 1 7/16 ineh dises.) 

» Will be noted that the maximum light yielé here 4s nore 

han 30% greater than the dest vulue obtuined with powdered 
lusite-bound phosphor, and thet this meximum cecura at ea 
aha phor/plastic ratio very close to the optimum retio found 








for lucite mixtures, 





Anode current (107° emperes ) 
and 21/2 insh Cieneter sure 






2 0229 0.5€ 540 
2 e49 2.65 &.0 Ga FS 
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m the oasa of She polystyrene disses, «es mentioned 
praviousaly, a means of aqneuring that the phosphor and plastic 
Teamin homegeneously mixed in the finishaéd preduet hes not 


¥st deen worked out. Yor this reason, the top surfess of 
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Gise No, 1 liated in Table 4.361 is almost clear plastic, 
the bottom being greatly enriched in phosphor, As 6 result, 
it might be unticipated thet the brightness reading of the 
top surface would bs smeller then thet of the bottom (exel~ 
tation in each casa being direeted at the opposite feces, as 
usual), because the effective phosphor/plastic ratio at the 
bottom is closer to the optimum ratio, and the readings oone 
firm this. In ho. 2, the amaller proportion of polystyrene 
prevented as large & phosphor density eradient from bottom 
to top as shown by No, 1, but the bottom is definitely richer 
in phosphor then the top, and it is the top surface of Now 

2 which yielda the lergest brightness reading, under the 
standard excitetion (gamma radiation, 46 mr/hr) of all the 
phosphors tested. Ginoe the overall ratio of phosphor to 
plastic in the dise isa very close to the optimum ratio Tound 
for luoite mixtures with the same phosphor (Figure 4. 3=<4 
upper curve), it follows that the effective ratio at the 
bottom surface is greater then the optimum, whiis the sffeo~ 
tive top ratio is less than optimum. Thus the upper region 
of this dizc, where the phosphor erystala are relatively 
more widely spaced, makes its contribution to the high sure 
face brightness and elso permits efficient transmission of 
the light generated in the interior region of optimum retio 
to the top surface, while the region neer thse bottom has the 
eryateals too closely packed to permit sueh efficient trang- 
miasion and furtherwsore its hicher than optimum ratio of 
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phosphor to plestic meuns that it is in the region of KR» 3 
or higher, where ite light yield is sharply below that of 
the optimum, & cherescteristic shown by all three curves of 
Figure 4eJ-h. Finally, inspeetion of diee No, &(Ro. 3 is a 
6lear plastio control dise}) with en overall ratio much higher 
then the optimum, shows thet it hes « density gradient thet 
is emaller then thet of No. 2, but still pereeptible. I[t is 
therefore unlikely that the «ffeotive retio of phosphor to 
plastic at the top could be at or below optimum, and this is 
borne out by the brightness reudings as shown, 

The better performance of polystyrene ae « binder, aa 
Compared te lucite, must be attributed largely if not en- 
tirely to its higher index of refreoetion, mere closely 
approaching that of the sulfide phosphor. The polystyrene 
i{teelf docs not make an appreoiable contribution to the 
light yield of the disses, as is shownw the yield of o trangse 
parent control @ise of polystyrene, manufactured concurrently 
with New's land 2. This dise gives a response under the 
standard gawome exeitation only 0.03 times the reacing of No. 
1 which conteins « comparable amount of plesatio, (There 


rem@ins the remote possibility that tha polyatyrene is ex- 


Cited to luminescence by the emiusion spestrum of the phoa~ 
phor, ) 





The visuel radiation meter deseribed in Chapter 3 is 


certainly realizeble in its present form but is subject to 
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improvement in each of its components. Ferhaps the most 
importent uncerteaizties in the euthor's mind et present, 

6o far es practieel Gesign considerations are conserned, are 
the optimum phosphor to eye distence and phosphor area, and 
the extent of possible improvement to be rzained by vlewing 
the tro phosphors through a magnifying opti¢cel syster. The 
 Mmximum practical brightness from a mixture of phesphor and 
| «Fadio-eetive soures meteriel, and the rate of brightzucas dse 





eey as a reault of continuous chenged-particle bamberdment 
 ghoule also be determined. The possibility of detsoting 
 @ther types of radiation with e visual instrument, enc es- 
pecially the detection of neutrons with plastic-phosphor 
dises deserve attention, 
Although the objeetive of the work on phospher-plastia 
| mixtures, nemely te obtein more uscble light from a given 
amount of phosphecr ineorporated in such e mixture than oould 
be obtained with the same mes of phosphor slone, has been 
etteined to a degree which will be useful in the visesl redia- 
tion meter, there are meny directions im which further and 
prebably greeter improvemsnts oan be sought. A thorough 
Search should be made for more efficient phosphors and for 
workable transperent plestices with higher refractive in- 
ci¢es, In the absence of such plastios, experinents with 
liquids of high index might indicete what covld be done if 
Comparable plastica or other solid binders were avaliable, 
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The individual curves of Figures &.%«1] through be Ik 
bea regerded as proflles of a three-dimensional surface 

h may be represented grephieally if light yield ie plote 
d sxleng the seaxia, and the xe and yesxea ere sealed in 

iS per equare centimeter cf plestic and phosphor reapao- 
Straight lines in the xey plane, prasing through 

| “a origin, then represent lines of conetent phovphor/plestie 
ratio, Syatematie exploration of auch a surfece for a given 
2 houphor-pleatic system, plotting sentcure of constant light 
» Right Lead to a fuller understanding of the effuetea 
ef mixing plestio with phosphor, 
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PHOTOMULTIPLIZR CALIBRATION 


In order to evaluate the visusi effeot of the Light 
yield from phosphors without subjecting the experimenter 
to unmecessary redistion dosage, it became desiradie to 
translate the 5819 photomultiplier anode current response 
to luminesoence into a unit of brightness. The msans of 
acoomplishing this 1s as indicated in Figure A.l-l, ‘The 
phosphor, excited by ultra-violet ilght, was viewed first 
by two observers using the Low-Brightness Keber, and then 
by the photomultiplier, as phosphor exeitetion was veried 
by interposing increasing thicknesses of U-V absorbing 
Blase plates. + Ag shown in the figure, phosphor brightness 
end photomultiplier current are proportional as intensity 
of excitation varies over a range of 200 times the lowest 
brightnesa at which reliable readings oould be made with the 
Low=- Brightness Meter, Tha proportionality factor thus ob- 
tained (1.5 x 107? foot-lamberts per micro-anpers) applies, 
of course, only to the partiouler emission spectrum (that 
of Zn-CaS(Cu) ), size of phosphor (1 7/16 in, ), and phote- 
multiplier tube used in the calibration. 





1. The application of the absorber technique to this prob- 
lem wags suggested by Professor Clark Goodman. 
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Phosphor Brightness ( foot - lamberts) 
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Phosphor brightness as a function re) 
of number of absorbers in a filtered 
ulfra-violet lignt beam , measured by 


the 5819 phototube ond by two 
observers using the Low-Brightness 
Meter. 


Calibration (for |7 phosphor disc): 
lA =15 x10 foot-lamberts 
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Figure A.l-| PHOTOTUBE CALIBRATION 
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